TICS 2863 No. of Pages 12

Trends in
Cognitive Sciences

¢? CellPress

L ooking forward: eye-gaze methods in

vocabulary development research

Haley Weaver'*, Jenny Saffran © 2, and Sudha Arunachalam®

Human multimodal processing abilities have provided researchers with an
invaluable set of methods for interrogating language understanding. Even
young infants fixate on visual stimuli that match incoming auditory information.
Experimental paradigms have harnessed this behavior to demonstrate early
language comprehension abilities. Researchers have since adapted these
paradigms to address new questions, such as studying individual differences
in vocabulary size and structure, identifying which words are learned earlier or
later, and assessing language in populations with disabilities. However,
fundamental questions persist about the assumptions linking eye gaze with
underlying linguistic competence. We aim to articulate these assumptions and
outline what we know about whether they are met. By making these issues
explicit, we highlight considerations for language development research across
different populations.

Detecting language knowledge in infants and toddlers

How do we know what babies know? If only we could just ask them! Despite the inherent
challenges in ascertaining knowledge in beings who can’t answer questions or push buttons,
researchers have developed ingenious ways of interrogating the minds of infants (and of
nonhuman animals, who also can’t directly respond to our queries about what they know).

Infant visual behavior provides an invaluable window into the infant mind [1]. Early uses of eye-
gaze methods with infants focused on basic perceptual abilities, later extending to studies of
learning that compared infants’ preferences for trained versus novel stimuli (for a brief overview
of nonlinguistic eye-gaze work with infants, see Box 1). However, these sorts of forced-choice
paradigms left open many questions about the nature of infants” knowledge. In particular, infants’
nascent knowledge about their native language remained stubbornly opaque. It cannot be
studied in nonhuman animals (unlike, say, visual perception), limiting the informativeness of
cross-species comparisons. Additionally, the timeline of language production is quite protracted;
what infants say (or sign) vastly understates what they want to say, as any parent of a frustrated
toddler can tell you.

This review examines how eye-gaze methods have been developed and used in efforts to
address these methodological barriers in the study of early lexical knowledge. After providing
an overview of the genesis and main uses of this method, we delve into foundational assumptions
that merit closer scrutiny, particularly given the wide range of research questions and populations
now being studied with eye-gaze methods.

The evolution of eye-gaze methods for studying early word knowledge

In the late 20th century, two developments converged to provide a new approach to studying
early language knowledge. The first was the implementation of multimodal tasks designed to
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Box 1. Eye gaze in infant research in domains beyond language

Tasks using eye gaze are ubiquitous across the infancy literature. Indeed, a recent analysis of papers published in the
journal Infancy between 2016 and 2018 found that nearly half of the papers used looking behavior as a dependent
variable [2]. Infancy researchers have used gaze behavior to tap into infants’ early perceptual and cognitive abilities
for over 50 years. The initial development of eye-gaze methods for studying language comprehension by Golinkoff
et al [3]. was inspired by research on infants’ audiovisual perception, demonstrating that infants will preferentially
attend to visual stimuli that match the audio stimuli that they are hearing (e.g., specific rhythms, numbers, and vowels
[4,5]).

In the visual domain, habituation paradigms have long considered infants’ eye movements as an indicator of whether or
not an infant has habituated to a stimulus. Early work with these tasks defined thresholds for infants’ looking behavior;
infants are considered to have habituated if they look markedly less than they did on the initial exposure—for example, if
the most recent 3 trials show 50% of the looking observed on the first 3 trials [6]. Using these gaze-based methods, arich
body of work has uncovered impressive abilities ranging from early face perception [7-9] and categorization [10,11] to
social and moral development [12,13].

Visual preference and habituation paradigms have a long history of challenges, despite their wide adoption in the develop-
mental literature. In particular, concerns regarding what ‘counts’ as novel or familiar, and how preferences for different
kinds of stimuli develop, have complicated interpretations. In addition, there may be cultural differences in infant looking
behavior that complicate interpretation of data drawn from communities beyond the typical WEIRD population of study
participants [14]. Large-scale global efforts to ameliorate these methodological concerns have been of broad interest in
recent years [15-19]. As an example, in the upcoming ManyBabies 5 project, researchers are examining what factors
(i.e., age, familiarity, and complexity) influence infants’ visual preference for stimuli—thus testing methodological assump-
tions behind a commonly used paradigm with larger sample sizes and a more culturally diverse population of infants than
any individual study can offer [18]. These efforts demonstrate a growing enthusiasm for better understanding factors that
influence looking-time measures.

determine whether infants connected auditory and visual events, as indexed by their gaze to
visual stimuli that either matched or mismatched an auditory stimulus [4,5]. Building on studies
in the nonlinguistic literature, Golinkoff, Hirsh-Pasek, and their colleagues developed a parallel
method to investigate whether infants would fixate on the referent of a familiar word after hearing
it [3]. Their pioneering study demonstrated that when viewing pairs of objects (images) or events
(videos) on the screen, infants would shift their gaze based on linguistic information. The key
dependent variable in their Intermodal Preferential Looking Paradigm (IPLP) (see
Glossary) was accuracy: the percentage of time spent looking at the target image or scene
within a target window (a preset period of time following the onset of the target’s label).

The second development was the application of remote eye tracking to measure real-time
language processing in adults using a method known as the Visual World Paradigm [20]. In
these tasks, adults’ eye-gaze behavior was measured as they heard speech instructing them
to engage with objects in theirimmediate environment, with particular attention to the time course
of fixations. Fernald and her colleagues developed a screen-based version of this task to begin
characterizing infants’ reaction time during language comprehension, an index of lexical access
[21]. As in the Golinkoff et al. IPLP task, infants viewed pairs of objects on the screen; the key
difference was the focus on the time course (e.g., reaction time to shift gaze from the distractor
object to the target object) as a key dependent variable that might differ across infants, across
ages, etc. In later work, Fernald et al. named their version of this task Looking While Listening
(LWL) [22]. Using this paradigm, Fernald and colleagues demonstrated that infants become
faster at recognizing words across development, and that the speed and accuracy with which
a child recognizes words predict language skills later in childhood [21,23,24]. Figure 1 depicts
an example of the setup (Figure 1A) and trial timing (Figure 1B) for a word recognition task
using the LWL method. Figure 1C illustrates the time course of infant eye gaze during a typical
word recognition study.
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Glossary

Accuracy: the proportion of looks to
the target image during the target
window, divided by the total number of
looks to the target image plus the
distractor image. In some analyses,
looks to neither image are included in the
denominator.

Convergent validity: the extent to
which two measurements align. The key
assumption is that the two
measurements theoretically index the
same underlying construct and,
therefore, should be correlated.
Distractor image: eye-gaze tasks with
infants typically include a pair of images.
The distractor image is the one that is
not named. Features of the distractor
image can be manipulated to examine
effects on target recognition.
Intermodal Preferential Looking
Paradigm (IPLP): the first eye-gaze
method for examining word recognition,
developed by Golinkoff, Hirsh-Pasek,
and colleagues. Infants view a pair of
images or videos, and spoken language
guides them to fixate on a visual target.
Looking While Listening (LWL):
developed by Fernald, Swingley, and
colleagues, this method builds on the
IPLP paradigm to focus on the time
course of infants’ fixations on the visual
target.

ManyBabies: a global consortium of
research labs, ManyBabies (https://
manybabies.org/) studies bring together
researchers using the same stimuli and
tasks to generate unusually large and
diverse samples for individual infant
studies.

Mutual exclusivity bias: the
assumption that a new word refers to a
new object rather than a familiar object.
Reaction time: for trials where the
infant starts out looking at the distractor
image, their reaction time is the first
frame on which they fixate on the target
image.

Reliability: the precision of a particular
measurement. Measurements that are
reliable should be similar across trials.
Saccades: rapid eye movements that
shift visual fixation from one location to
another.

Target image: the referent of the
spoken word, usually a visual image. In
some studies, the target may be related
to the spoken word (e.g., sharing its
color or other semantic features) rather
than being identical to it.

Target window: the analytic window
used to ascertain word recognition.
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Figure 1. Setup, trial structure, and gaze time course in a word recognition paradigm. Panel (A) It depicts the
set-up of a typical eye-gaze word recognition task. The infant would be centered in front of the screen, and would see two
images presented concurrently, along with speech directing their attention to one of the images (the target). Panel (B) It
depicts the timeline for a representative trial in a word comprehension task. At the start of the trial, the target (dog) and
distractor (fish) images are presented in silence. The shaded portions of Panel B and Panel C represent the critical
window of analysis after the onset of the target noun (‘dog’), as suggested in [22] (300-1800 ms). Panel (C) It provides
representative data for trials where the target noun is ‘dog’. The data were generated using the PeekBank Visualization
Tool and include all available datasets with infants ages 0-24-month-old that tested the word ‘dog’ [25]. The X-axis
depicts time from the onset of the trial; 0 ms represents the onset of the target word ‘dog’. The Y-axis depicts the
proportion of fixations to the target (looks to the target divided by looks to the target + looks to the distractor,
averaged across participants). As shown in Panel C, looking behavior starts out at chance (50%) and then quickly
transitions to the target after the onset of the spoken noun.

Contemporary applications of eye-gaze methods

While early instantiations of eye-gaze tasks aimed to capture evidence of infants’ emerging word
comprehension, these paradigms have been adopted broadly in developmental psycholinguistics
[26]. Here, we focus on word comprehension studies (leaving aside the rich literature using these
methods to study word learning, phonological processing, and other aspects of early language
development). One burgeoning area of research has focused on understanding individual differ-
ences in the size, composition, and structure of early vocabularies. For example, children who
know more words that denote object categories organized by shape (e.g., cup) represent the
shape of an object (rather than other features such as color) more strongly than children with
fewer of those words [27]. Similarly, lexical connectivity (i.e., vocabularies with more semantic
neighbors and/or words with more shared features) has different influences on word recognition
across development [28]. Related lines of research have asked whether differences in vocabulary
size or structure could be caused by differences in the language input infants are exposed to.
Indeed, the type and quantity of language input that infants receive predict their ability to recognize
words [29-31]. However, these input characteristics are neither necessary nor sufficient to predict
infants’ word knowledge [32].
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Typically, the window begins 200-

300 ms after the onset of the target
word, allowing for a saccade based on
the spoken language, and ends 2-3 s
later. In predictive processing tasks, this
window may occur prior to the onset of
the target word.

Validity: the extent to which a
measurement indexes the construct of
interest. A measurement must be valid
to draw conclusions from the results of
the study.

Visual World Paradigm: this method
was pioneered by Tanenhaus and
colleagues to measure real-time word
recognition in the context of objects. Ina
typical study, adult eye gaze is tracked
while they listen to speech and interact
with a set of objects that are
manipulated to test hypotheses about
word recognition (e.g., phonological or
semantic overlaps).

WEIRD populations: this acronym
refers to people from western,
educated, industrialized, rich, and
democratic societies, who are heavily
overrepresented in psychological
research.
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The field has also become increasingly interested in uncovering which specific words infants
know and what they may know about those words. For instance, young infants, as a group,
understand frequently used food and body part words [33,34] and can accurately apply labels
to both specific individuals [35,36] and object categories [37-39]. Infants are also sensitive to
phonological and semantic relations between words, as evident from studies manipulating the
degree of similarity between targets and distractors [29,40-43]. However, as we will examine
later, scholars have increasingly noted methodological limitations in eye-gaze tasks that preclude
strong interpretations of children’s knowledge of individual words [44-46], potentially posing
challenges for understanding precisely when and what words are learned across development.

Although current uses of eye-gaze tasks largely mirror the original purposes of the task (i.e., to
reveal language comprehension prior to production), many challenges remain, particularly as
researchers pursue more specific questions about the nature of emergent lexical knowledge
and as increasingly interdisciplinary teams attempt to apply these methods to new populations
of children. The low task demands of eye-gaze tasks, relative to assessment measures that
require pointing or language production, make them attractive as a way to tap vocabulary
knowledge in hard-to-test populations, including very young infants [33,35,36] and toddlers
with developmental conditions such as autism [47]. However, doing so raises new issues for
analysis and interpretation (see Box 2 for a discussion of the use of eye-gaze methods in research
with clinical populations).

As the use of these methods continues to be extended beyond their original focus, we risk losing
sight of key (implicit) assumptions about what eye-gaze behavior can and cannot reveal about
lexical development. In the next section, we lay out three major assumptions underpinning eye-
gaze methods as applied to the development of word comprehension, and some of the issues
that arise when considering them in the context of contemporary research questions.

Box 2. Using eye-gaze methods with clinical populations

Children with developmental disabilities pose unique challenges for clinical assessments of language. In particular,
assessment instruments require children to use expressive language, engage in social interaction, and/or deploy
motor abilities which may be limited in clinical populations. Gaze-based tasks, by contrast, have very low task
demands. Children only need to have normal or corrected hearing and vision and sufficient postural control to look
at a screen, making it a viable paradigm for children with a wide range of abilities. As such, eye-gaze methods have
increasingly been used to assess language comprehension in clinical populations [48].

Gaze-based tasks have proven to be sensitive to emerging language comprehension abilities across children with a wide
range of developmental disabilities (e.g., autism, cerebral palsy, cochlear implants, Down syndrome, and Fragile X
syndrome). This work has demonstrated word recognition prior to caregiver reports and traditional assessments
[47,49-53]. Given these benefits, researchers are excited about the opportunity to leverage eye gaze as a clinically relevant
measure of receptive vocabulary [54]. These implicit tasks could be immensely useful in identifying how many and which
words a given child knows, thereby informing and individualizing intervention approaches.

However, adapting methods from research with typically developing children is not straightforward. Many of the design
concerns described in this review may interact differently with attentional or processing skills in clinical populations. For
example, children with developmental delays or disorders may have generally slower processing speeds [43] or difficulty
disengaging from visual stimuli in response to a prompt [55], thus requiring longer windows of analysis to capture compre-
hension and complicating comparison with typically developing peers. That is, a child who is slower to identify a target
referent than a typically developing peer, but indeed still looks reliably at a referent, must be separable from a child who
is unable to reliably identify a referent. By only adopting analytical windows used with typically developing children, these
subtle differences in ability may be masked by overt group differences. Relatedly, there is vast within-group heterogeneity
in both language development and gaze behavior, making it challenging to disentangle differences in comprehension from
differences in task behavior. Further, once methodological issues are resolved, clinically relevant cut-offs for accuracy or
reaction time measures will need to be identified. These issues deserve experimental attention so that progress can be
made toward integrating eye tracking into valid and reliable receptive language assessment tools.
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Assumption no. 1: infants look at images when they are named

The most fundamental assumption underlying these paradigms is that connecting sound and
image is essentially mandatory: if an infant understands a word, they will shift their gaze to its
referent. This assumption is generally well-founded [3,56]. From birth, infants can fixate on a visual
target and launch saccades (eye movements) between targets [57,58], and these abilities
improve throughout childhood. By 6-9 months of age, well before they begin to produce
words, infants’ deployment of fixations and saccades reflects their recognition of words. Infants
in this age range look preferentially at the referents of common words such as ‘mommy’, ‘milk’,
and ‘banana’ when prompted to do so (e.g., ‘look at the milk’ [33-36]). That said, we may see
variability in the degree to which this assumption plays out as a function of task or experimental
design factors, and these decisions can impact the conclusions that are drawn.

To successfully connect words with images, children must recognize that the word they are
hearing refers to one of the images they are viewing. This is not a trivial task; infants experience
a limited set of individual referents and, over time, learn to extend their word meanings to entire
categories of referents [37-39]. Moreover, infants’ and young children’s everyday experiences
may not present them with the stereotypical referents for words that are depicted in research
studies, and this may be particularly true for more abstract words, such as early routines
(e.g., uh-oh and hi), verbs, and emotion words [59-62].

In another sense, whether, when, and how much infants look at a named referent also depends
on what else there is to look at—that is, what the distractor image orimages are. For instance, a
child may look more at an image of a golden retriever than an image of a sock after hearing ‘dog’,
simply because animate objects such as dogs are more interesting to look at than inanimate
objects such as socks [63,64]. While some distractor effects on accuracy can be managed
statistically (e.g., by adjusting the data from the target window to reflect baseline visual prefer-
ences), they can also hinder the interpretability of the data, particularly when reaction time is a
dependent variable.

Infants’ knowledge about the label for the distractor object might also influence their looking
behavior toward the target object in these two-alternative forced-choice tasks. It has been well
established that, as early as 17 months of age, young children use their prior word knowledge
to constrain their novel word learning [65-68]. This mutual exclusivity bias also influences
gaze behavior during LWL tasks; infants look more at a named target object when they can
correctly reject the distractor as the referent of the label [46]. That is, word recognition may some-
times inflate infants’ apparent knowledge about a target label due to their knowledge of the label
for the distractor object. This influence of distractor knowledge may be even stronger in yoked
experimental designs, where two objects are consistently paired throughout the task. In such
designs, a child’s looks to a particular target may always be driven by its known distractor,
irrespective of the child’s knowledge about the target label. By contrast, unyoked designs that
vary the distractor items across test trials may assess target words in the presence of both
known and unknown distractors, reducing the influence of prior knowledge. Ultimately, the
stimulus pairs included in the task influence the extent to which gaze behavior solely reflects
knowledge of the target words.

More generally, the specific auditory and visual stimuli included in a given experiment impact
measures of word recognition [46,59,63,69]. Infants are better at identifying target words when
they are paired with distractor objects that have lower frequency or a later age of acquisition
[46,69-71]. Infants also respond to features of objects that partially match their lexical represen-
tations; infants (as well as older children and adults) will look more at a red car than a blue car
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when hearing, ‘Can you find the strawberry?’ [72,73]. Cross-language stimuli—such as
sentences that switch languages prior to the target word—demonstrate how manipulating the
auditory information in these tasks can provide insight into the organization of multilingual lexicons
[74]. It is evident that performance in these eye-gaze tasks reflects not just the recognition of a
single target word, but also the semantic networks and language systems within which those tar-
get words are embedded [28,75]. The fact that eye-gaze word comprehension methods tap into
broader aspects of the lexicon is both a feature and a bug. This interconnectedness facilitates the
development of studies focused on semantic structure and the nature of the lexicon, but it may
also hinder the interpretation of studies designed to examine infants’ knowledge about individual
words.

Assumption no. 2: eye-gaze measures index graded knowledge

The second assumption underlying these paradigms is that they illuminate graded vocabulary
knowledge. That is, gaze behavior is measured continuously and is aggregated across time,
yielding continuous measures of speed and accuracy. Often, these numerical differences are
interpreted as reflecting overall differences in lexical knowledge, for example, infants with larger
versus smaller vocabularies. These numerical differences may also reflect the robustness of
individual word representations, for example, an infant who knows more about a specific word
that is being tested may show different patterns of looking than an infant who knows less
about that word.

A burgeoning body of research demonstrates that individual differences in gaze-based measures
are associated with other validated vocabulary measures, providing evidence for convergent
validity. Indeed, children who are faster to recognize familiar words (and to anticipate upcoming
words [Box 3]) have larger vocabularies, as reported by their caregivers or as indexed by their
own performance on a standardized assessment [31,88-91]. Similarly, gaze behavior reflects
the structure and composition of the vocabulary, such that children with more densely connected
vocabularies demonstrate more adultlike word recognition [92-94]. Given this wealth of evidence,

Box 3. Predictive language processing

Eye tracking has been used extensively to assess broader language processing abilities in children. One such paradigm,
initially developed with adult participants, is often referred to as verb-mediated prediction [76]. The results suggest that
adults predict upcoming linguistic information after hearing a semantically constraining sentential context (e.g., looking
at a cake rather than a shoe after hearing the verb ‘eat’). Infants and children also demonstrate this impressive ability, using
phonological information [77,78], semantic relationships [79-81], morphosyntactic structure [82,83], and information
about the speaker such as their sex and age [84] to guide their looking behavior before hearing a target word.

Prediction and incremental language processing, as evidenced by anticipatory looks to a target, have been implicated as
key abilities related to language learning. Indeed, predictive processing abilities are correlated with measures of native
language attainment [79,85,86]. More broadly, this literature has demonstrated incredible continuity with adult language
processing; as children gain more advanced linguistic knowledge, they leverage their lexical networks to initiate
anticipatory looks to phonological and semantic competitors.

Stimuli in predictive processing tasks tend to be heavily constrained—the relationship between predictor words (such as
verbs) and targets (such as nouns) are tightly controlled, and thus many design-specific assumptions are made explicit in
these paradigms. However, timing challenges remain. What is the appropriate window of analysis following the semantic
context over which one should assess prediction? For example, to observe verb-mediated predictions about upcoming
nouns, do children have to hear the whole verb or can they make predictions based on partial information [87]? Is a boost
in target looking sufficient to provide evidence of predictive processing, or do looks need to precede the onset of the
target? Although it is well established that lexical processing efficiency improves across development, unknowns about
the time course of particular gaze behaviors make it challenging to implement this paradigm in new populations or using
nonstandard stimuli (i.e., using stimuli other than targets entailed by the semantic or phonological context).
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it is perhaps unsurprising that we often assume that graded differences in word recognition reflect
real differences in vocabulary size and structure.

There is also an expansive literature aiming to capture individual differences in the robustness of word
knowledge: differences in speed/accuracy index differences in how deeply a child knows the tested
words. Studies that intentionally manipulate semantic relatedness demonstrate that gaze behaviors
are influenced by the extent to which a child represents aspects of meaning beyond the visual referent
[29,40,95,96]. Other work aims to characterize the precise nature of early word meaning representa-
tions [27,38,39,42]. For instance, one study found that older infants look significantly less at incorrect
but semantically related target objects than younger infants, suggesting that older children have more
refined word representations [42]. In such studies, looking provides a behavioral marker of how
quickly, easily, and correctly a child can retrieve a word’s meaning.

At the same time, slower or less accurate looking could reflect slower processing, which might be
driven by a language or cognitive delay rather than anything specific about the items being used in
an experiment [49,97]. Moreover, there are a host of biological, rather than cognitive,
explanations for slowed reaction times. For example, one child might blink more or saccade
more slowly than another. Critically, these alternative interpretations might not necessarily
mean that children’s knowledge of the words is less robust, but rather that they require more
time to demonstrate their knowledge. Slower saccades would also likely result in less target
looking because children who take longer to reach the target have less time to fixate on it before
the trial moves on. Paradoxically, faster looking may also result in short durations if the time
window for analysis is too long because children will eventually look away from a target and
toward the distractor. These individual differences may be inherently interesting for understanding
cognitive processing, but they make it challenging to disentangle the speed and accuracy of eye
gaze from the robustness of word knowledge within a single experimental paradigm.

A related challenge is that word recognition effects in eye-gaze tasks are often quite small, with
proportions of target looking after the onset of the noun on the order of 55-60% (vs. chance,
50%) [30,46,92,98]. It is currently an open question whether these small, graded differences in
infants’ gaze behavior reflect variation in the strength of children’s word knowledge or whether
other processes may account for such differences. That is, do children who fixate on the target
referent more quickly and for a longer proportion of time actually have more robust representa-
tions of the word’s meaning, the phonological form of the label, the connection between the
two, or something else entirely? Efforts to investigate individual differences in word recognition
while holding other factors constant (e.g., age and diagnostic status) or including additional
tasks designed to tease out other factors may help us better discern the roots of these sources
of variability (see the Looking forward section).

Assumption no. 3: eye-gaze measures reveal whether individual infants know
specific words

Eye-gaze word comprehension methods were initially developed to provide information about
overall vocabulary knowledge. Early versions of these tasks included just 1-2 trials for each target
word, which were appropriate for estimating broad vocabulary information but insufficient to draw
conclusions about specific word knowledge [99]. However, some more recent studies do
attempt to use eye-gaze data as an index of word knowledge at the child level [46,50,54,61,
92,98,100,101].

There are several challenges that arise when using eye-gaze data to determine whether a given
child knows a given word. First, multiple trials per word and multiple image referents are needed
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to ensure that children have adequate opportunity to display their knowledge about individual
words [92,102]. However, there is an inherent tradeoff between the number of test items per
word and the number of different words tested, particularly given the brevity of an infant study.
Experiments that probe individual word knowledge using multiple trials per word are limited in
the number of different words they can test, hindering generalizability. Moreover, word repetitions
are vulnerable to the design challenges raised previously: Should word pairs be yoked or
unyoked? How might children learn across the task, such that trials purportedly measuring
word recognition actually reflect word learning strategies (e.g., using mutual exclusivity to refine
guesses about label-object mappings as the task proceeds)?

Second, determining whether a child knows a specific word requires identifying a cutoff point for
defining ‘knowledge’. But what is the correct cutoff? Does fixating on the target at any level above
chance indicate that the child knows the target word? This criterion was adopted in the recently
developed National Institutes of Health (NIH) Baby Toolbox [54]. Other studies use more conser-
vative numbers, for example, as a 15% increase from a baseline to a test period [61,103-105], or
scores above a 95% confidence interval around chance [46]. One study aimed to identify the best
threshold for determining whether a child knew an individual word by testing several options
(ranging between 5 and 25% change in looking to the target from baseline to test) [105].
However, the 25% threshold determined from this work has not been universally adopted, and
it remains unclear how broadly it applies (e.g., beyond the particular stimuli and ages tested).

The difficulty with testing assumptions about what counts as ‘knowing’ a word is that we lack ground
truth about which words a given infant knows. Older children and adults can point, press buttons, and
answer questions. While these responses are also not ground truth, at least they are (relatively) clearly
operationalized and make intuitive sense. With infant eye-gaze data, binary decisions about whether
or not a baby knows a word are based on a continuous variable that, as noted above, is influenced by
many factors that may or may not be indicative of actual word knowledge. Parent report, though valu-
able, may also not reflect ground truth at the level of individual words (particularly for comprehension,
which is more difficult to observe), challenging interpretation [106—108]. Indeed, stimulus factors
(e.g., age of acquisition and mutual exclusivity), caregiver factors (e.g., confidence in word-level
comprehension ratings), and learner characteristics (e.g., age and vocabulary size) impact the align-
ment between eye-gaze and caregiver report measures [44,46].

Looking forward: considerations for researchers

Although there is much experimental work yet to be done, the foregoing review suggests several
design principles that researchers may consider in guiding future research. First, it is crucial to identify
the extent to which we can use eye gaze to measure individual word knowledge with reliability and
validity, particularly if the goal is to assess individual children’s vocabularies (as in many clinical appli-
cations). Recent efforts to increase statistical power in looking-time tasks provide key insights into
issues of reliably capturing individual differences, such as the value of increasing the number of trials
[109]. Measuring validity is less straightforward, especially when considering constructs where
ground truth is inaccessible. One possibility is to compare eye-gaze measures of word knowledge
to convergent measures with the same participants, such as pointing [110] and caregiver report
[44,48]. For example, a study using a dataset drawn from multiple word-learning studies compared
looking and pointing across a large sample of preschoolers (N = 914), revealing convergent evidence
for these measures [110]. This strategy could be applied to examining key design decisions such as
window sizes and yoked versus varied stimulus pairings.

Many of the studies reviewed above aim to identify specific parameters that influence the interpre-
tation of children’s eye gaze in these tasks. This kind of research is crucial, but it requires large
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sample sizes, which can be difficult to achieve within a single lab. ManyBabies, a global
consortium designed to answer research questions with a sample size in the thousands, offers
an excellent model [15—-18]. Another promising avenue is Peekbank [25], an eye-gaze data repos-
itory that allows researchers to ask questions (e.g., effects of age, stimulus differences, etc.) with
more data than could be collected in a single lab.

Another major challenge is the sheer number of variables that differ across studies (e.g., window
size, item selection, and operationalization of eye-gaze measures). There are also a number of
variables that can be extracted from eye-gaze data that are less widely used (e.g., shape of the
fixation curve over time, fixation density, longest fixation, and first fixation durations), and so we
do not know how useful they are in revealing more nuanced aspects of lexical knowledge.
Some combination of these variables may vyield the best estimate of word knowledge; for
example, a longer window may be appropriate for children who saccade often or for stimuli
that are more visually engaging.

We suspect that researchers (ourselves included) examine such variables in an exploratory
fashion but do not report them when they are not predictive in analytic models. Preregistering
and publishing a wider set of variables could be highly informative about which measures are
appropriate for which types of research questions. Machine learning might also offer a way to
address these challenges; with a sufficiently large dataset, gaze patterns, rather than single
variables, could be identified that are associated with another measure (e.g., children’s pointing
or parent report).

Another approach is to add additional tasks to tease apart the roots of individual differences. For
example, eye-gaze word recognition tasks that require the child to disengage when they are
fixating on the incorrect object (e.g., if they hear, ‘Where’s the shoe?’ and are not already looking
at the shoe, they need to shift their gaze to the shoe in order to demonstrate word recognition).
Individual differences in visual attention, as well as potential group differences (Box 2), could
impact performance for reasons unrelated to word recognition. To address this concern, one
study included a separate visual task to measure disengagement [55]. Performance on the disen-
gagement task accounted for half of the variance in word recognition behavior in a sample of
autistic children. This study provides a model for including control tasks that can help account
for factors that are potentially distorting the effects researchers are trying to study (see [63] for
a similar strategy with a different outcome).

Concluding remarks

In articulating the assumptions underlying eye-gaze word recognition paradigms, we wanted to
first call attention to their existence. Second, we endeavored to highlight some of the interpretive
challenges they raise (see Outstanding questions). This is especially important for research using
language assessments to determine areas in which children might need additional support or
intervention. More generally, it is critical to be clear about the questions these methods are
being used to address and confident that we are interpreting eye-gaze measures as appropriate
to the research question. We hope that the incredible progress made in tapping infants’ underly-
ing knowledge and skills only continues to grow with the advent of new technologies, analytic
approaches, and theoretical developments.
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Outstanding questions

Is it possible to establish ‘ground truth’
for whether or not a child knows a
word? Wehave suggested that it is
not, but we welcome challenges to
this perspective.

In the absence of ground truth, how
will we know if eye-gaze measures
are valid? To determine if these tasks
measure what we think they measure
will requiretriangulation across a range
of known, validated measures of chil-
dren’s language. Each measure has
limitations, but taken together, we can
be more confident that we understand
the relations among these validated
measures and eye-gaze measures.

Is it possible to know enough about
what these tasks actually measure to
answer clinically relevant research
questions? A crucial step forward in
answering this question will be
rigorous research on individual
differences and clinical populationlevel
patterns to identify whether we can
draw valid conclusions from these
measures.

Can these research tasks be scaled up
into tools that can be applied across
clinical and educational settings
without sacrificing validity? The stakes
for using these measures in a clinical
or educational context are high;
children’s qualification for services or
targets of intervention may depend on
getting these answers correct.
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